The influence of conductor particle size distribution on the blending curve of epoxy-based thick film resistors has been investigated. It was found that the critical volume fraction shifts to higher values as the spread of the conductor particle size distribution decreases. The results are interpreted in terms of a model whose main parameter is the contact probability for the conductor particles.
INTRODUCTION
There has been growing interest in epoxy-based thick film resistors (TFR) systems because they offer advantages of low cost and low temperature processing. However, the conduction mechanism in this type of system is complex and differs from that in cermet TFR's. [1] [2] [3] In particular, because the insulating phase in epoxy-based TFR pastes is not particulate as it is in the case of cermet TFR pastes, film performance is critically dependent on the size distribution of the conducting particles.
The effect of particle size distribution on the electrical characteristics of any class of TFR has not been studied in much depth and most published results have concentrated on the temperature characteristics of cermet TFR's. 4 ,s Present theories dealing with the conductivity of metal insulator composites [6] [7] [8] [9] do not take into account the size distribution of the conducting particles and so are not applicable to epoxy-based TFR's. In addition, a number of these theories s'9 have been developed for systems made from powder mixtures and are not valid for the case of conducting particles dispersed at random in a continuous insulating medium. Classical percolation theory not appropriate in the case of epoxy-based resistors, although it has been successfully applied to a variety of composite systems 1 including cermet TFR's. 11 An empirical expression for the blending curve of epoxy-based TFR's has been derived by Shen-Li but as he does not ascribe any physical meaning to the parameters used, the expression does not provide much insight into the conduction mechanism in these materials.
An alternative approach based on contact probability of conducting particles has been used in this paper since it is a physically realistic description of epoxy-based TFR's and the contact probability in the mixture can be adjusted by controlling the volume fraction and particle size distribution of the conducting phase.
DEVELOPMENT OF A THEORETICAL RELATIONSHIP
The usual practice in calculating the blending curve of thick film resistors is to calculate the film resistivity as a function of conductor volume fraction and the resistivity of the constituents. The alternative approach presented in this paper, however, concerns Present address" Physics Dept., University of Edinburgh, Edinburgh, UK. the critical volume fraction. This approach allows the use of a relatively simple technique, since unlike the film resistivity, the critical volume fraction is basically determined by a small number of factors. (i.e. the structure of the constituents a'11 and the lattice type). 12 The first step in the development of a model is to calculate the contact probability, Pc, for the whole film rather than for a particular conductive path. It is assumed that the conductive particles are spherical in shape and are distributed to form a simple cubic structure so that the particle-to-particle distance, L, can be written as L 7 V c dv (1) Vmin vi where V is the total volume, n T is the number of particles in the film, Vc is the conductor volume fraction, Vrnin and Vmax are the volume of the smallest and largest particles respectively and f(vO is the probability of finding a particle with volume vi.
In the system described above, two particles with radius ri and rj will be in contact if L r + rj or, in terms of ri, if rj L-r (2) Although only the nearest neighbours can satisfy Equation 2, there exists a finite, nonzero probability J f(r. X f(rl0 rmin r k rmax (3) that the kth particle could also be near the ith particle. Here f(rt) is the probability of finding a particle with radius ri in the film and rmin and rmax are the radius of the smallest and largest particles respectively. In this way, a degree of randomness is introduced into the system. For a uniform particle size distribution, f(rO (r -r)where 6(r r) is the Dirac delta function and r is the radius of the particles;randomness is not important since the individual particles cannot be distinguished. In fact, in this case J is always equal to and Equation 2 determines whether all or none of the particles in the system are in contact.
However, for a system having a non-uniform particle size distribution both Equation 2
and Equation 3 can only describe individual pairs. In this case, Equation 3 can be considered as the contact probability of two particles provided that r k satisfies Equation 2. Such a system can then be conveniently described by a contact probability which may be defined as the ratio of the probability sums of the potential contacts, Ic, to all possible combinations, I(P c Ic/I). Since the actual number of particles which satisfy Equation 2 is limited. (Figure 1 ), the probability sum of the potential contacts, Ic, will always be smaller than I. 
The probability sum of all possible combinations can be defined as I Ic + Inc where Ine is the probability sum of contacts that are not possible and given by rmctx. radius Probability distribution of particle radius in a many-particle system.
For f(vt) constant, and thus f(ri) constant, from the normalized condition To each CVF there corresponds a critical contact probability and this must be known in order to determine the CVF. In Figure 3 , corresponding CVF's of four arbitrarily chosen critical contact probabilities are plotted against X. As can be seen the CVF is expected to shift toward zero with increasing X and with decreasing critical probability. These results will be reflected in the resistivity vs. conductor volume fraction graph. Figure 4 . 
DISCUSSION
Before discussing the experimental results it should be noted that the critical contact probability has a similar physical meaning as the critical percolation probability. The critical contact probability indicates when a conducting path between the two electrodes appears for the first time. However, the region over which the transition from insulator to conductor occurs cannot be described by a single critical contact probability. For this purpose, it is convenient to define two critical contact probabilities, P and Ph. The lowest critical contact probability, P, can be interpreted as the contact probability at which an extensive network of conductive particles is actually formed for the first time. The latter, Ph, is identical with the critical percolation probability.
Two critical probabilities enable us to see how the width of the transition region, AV, depends on particle size distribution. AV is calculated from Equation 8 for four sets of arbitrarily chosen P and Ph for f(vO const, and plotted against X in Fig. 5 . A very sharp transition, i.e. zero width, results if the two critical probabilities are very close or equal to each other and also if the particles have a uniform size distribution (X 1).
Thus the model predicts that as the particle size range broadens, i.e. as X increases, the CVF's shift to lower values and the width of the metal-insulator transition region decreases. It is clear from Figure 4 that the observed results for both carbon and silverbased systems qualitatively agree with these predictions. The data obtained by Shen-Li for polymer-based TFR's loaded with carbon black also support this model. He shows that a carbon black with large average particle size yields a lower CVF, which corresponds to Ph, and a narrower transition region than a carbon black with a small average particle size. (It is possible that for these systems the average particle size reflects the range of particle sizes). We have found no other data in the literature with which to compare our results. The numerical values were evaluated by using a constant volume distribution function.
A more realistic distribution function would give better quantitative agreement with the experiment and would yield results which were dependent on the average particle size as well as the spread of particle size distribution. However, because of the cubic relation between volume and radius, the relation between the volume distribution function, f(Vt), and the radius distribution function, f(r't), will not be linear and the analysis will become considerably more complex.
The shape of the particles has not been taken into account in the model. Kusy 7 has shown that the contact probability increases with increasing irregularity of the conductive particles, which in turn decreases the CVF.
The practical implications of the model are that, first, to obtain reproducible intermediate sheet resistivities a wide transition region is necessary and hence tight control of the particle size distribution is essential. Secondly, because the thickness of the epoxylayer between the particles is nearly constant and is relatively small for values of Vc below the CVF's for narrow size ranges, resistors with high resistivity and small TCR values can be prepared by controlling the particle size distribution and choosing the correct average particle size.
CONCLUSIONS
A model has been proposed to account for the effect of particle size distribution on the blending curves of epoxy-based TFR systems. The model is based on the contact probability for the conductor particles and predicts that as the particle size range broadens the CVF's shift to lower values and the width of the metal-insulator region decreases. It is shown that the sharp transition will result if the critical contact probabilities are very close to each other and if the particles have a uniform size distribution. The model has been tested with data on two types of system and is found to give agreement with experiment.
